The Disease of Lazy Leukocytes
The initial report in the Lancet [1] described two unrelated children, a 5-year-old girl and a 2-year-old boy, with a history of early onset gingivitis, stomatitis, and recurrent otitis media. The family histories were unremarkable. Both children had severe neutropenia with normal bone marrow examination. Immunological parameters, including serum immunoglobulin levels and lymphocyte responses to phytohemagglutinin, were normal. While phagocytosis and bactericidal activity were similar to controls, the migration of the patients' neutrophils was markedly defective, both in vivo (by Rebuck skin window) and in vitro (using a modified Boyden chamber). The fact that both random migration and chemotaxis were defective pointed to an intrinsic leukocyte defect and raised, in the authors' opinion, the possibility of a membrane defect in patient neutrophils [1] .
Several years later, in 1975, another child with early onset stomatitis, purulent skin lesions and recurrent episodes of bronchopneumonia was reported to have abnormal neutrophil chemotaxis associated with persistent neutropenia [2] . A third case of LLS, published in 1978, was observed in a 40-year-old woman who suffered since early childhood from gingivitis, skin infections and upper respiratory tract infections associated with persistent neutropenia [3] . Scanning electron microscopy of the patient's neutrophils showed alterations in the cell surface configuration, characterized by coarsening of the normally fine ruffles and the appearance of knob-like projections. Based on these findings, the authors suggested that LLS may be due to dysfunction of the microtubular proteins in the neutrophil membrane, leading to excessive rigidity and thus defective neutrophil migration. In the same year, Gallin et al. described a 7-year-old girl with recurrent life-threatening bacterial infections starting at the age of 3 months who had markedly abnormal random and directed chemotaxis with normal neutrophil counts, and who died at the age of 8 years of disseminated varicella [4] . In 1984, another possible case of LLS was reported in a 35-year-old woman with neutropenia and abnormal distribution of actin in neutrophils [5] .
Analysis of archived DNA from Gallin's patient, performed some 40 years after her death, revealed a compound heterozygous mutation in WDR1 [6] , the gene encoding the Actin-interacting-protein 1 (AIP1) which plays an important role in actin depolymerization [7] .
The Pathogenesis
After these few reports no additional patients with LLS were published in the literature and the syndrome of lazy leukocytes became a forgotten malady. This may in part be explained by the lack of standardized techniques to assess direct and random mobility. A breakthrough came in 2016 when Kuhns et al. [6] provided evidence that patients resembling those described by Miller and colleagues may have had a defect in actin cytoskeleton regulation similar to those with mutations in WDR1 or other genes associated with actinopathies.
Dynamic reorganization of the actin cytoskeleton is necessary for several biological processes including rapid and directional actin remodeling required for leukocyte migration [7] . The importance of the actin cytoskeleton is highlighted by immune deficiency conditions due to inborn errors in one of its multiple components [8, 9] . Morphologic changes in leukocytes are required for spreading, and for migration through the endothelium into the tissues. These changes will alter the fluidity of the cytosol from gel to sol and back, a process depending on the dynamic balance between the two forms of actin, the monomeric form, called globular (G) actin, and its filamentous form, F-actin. The latter is responsible for generating the branched network that supports the formation of lamellopodia, which are essential for leukocyte migration [10] . Since polymerized F-actin is relative stable, several specific actin regulator proteins are required to promote actin filament disassembly [11] .The actin depolarizing factor (ADF), also called cofilin, promotes actin disassembly by severing actin filaments and dissociating actin monomers from filaments [11] . It was subsequently shown that additional proteins play an important role in this process. AIP1 contributes to actin filament dissociation by binding to cofilin and thus enhancing its actin depolarizing activity [12] . AIP1 induces a conformational change in cofilin that results in enhanced filament severing activity. The importance of AIP1 for neutrophil locomotion was first observed in mice carrying 2 hypomorphic alleles of Wdr1 resulting in a macrophage maturation defect and macrothrombocytopenia [13] . Neutrophils from mutant mice exhibited defective chemokine induced actin reorganization and abnormal chemotaxis. In addition, WDR1-deficient mice developed an autoinflammatory disease characterized by a massive infiltration of neutrophils into inflammatory lesions [13] which was associated with enhanced release of IL-18 but not IL-1beta [14] . In mice loss of function mutations in Aip1 are embryotic lethal [13] .
In 2016 Kuhns et al. [6] described 4 children from 3 unrelated families with biallelic mutations in WDR1 whose clinical phenotype resembled in part that described by Miller et al. [1] . The three girls and one boy presented with severe, in one case fatal, disease characterized by persistent stomatitis leading to oral stenosis requiring placement of a gastrostomy tube, recurrent respiratory tract infections, and mild neutropenia. Chemotaxis was markedly impaired in all patients, while bacterial killing and oxidative burst were intact. Neutrophil Factin was elevated fourfold. In one patient allogeneic stem cell transplantation (HSCT) corrected the neutrophil defect [6] . No heterozygous phenotype was observed and all missense mutations occurred at highly conserved regions considered to be important for AIP1 function.
The authors concluded that, as overall growth and development were normal in these patients, AIP1's major role is to rapidly remodel the cytoskeleton, a process intrinsic mainly to leukocyte function [6] . This is in agreement with the observation that AIP1 is expressed in most types of leukocytes, but not in skeleton muscles.
The Surprise
Based on the initial report [6] the neutrophil defect was considered to be the predominant clinical condition associated with mutations in WDR1. However, in 2017, Standing et al. [15] described two sisters, born to consanguineous parents, with a mutation in WDR1, and a strikingly different clinical phenotype. Starting early in life they suffered from autoinflammatory periodic fever, occurring every 2 months and lasting up to a week. Both had a history of recurrent oral inflammation, recurrent pneumonias and other bacterial infections and chronic thrombocytopenia, but defects in adaptive immunity could not be demonstrated. The girls responded only partially to steroids and their condition deteriorated. One died at 14 years of age from "sterile systemic inflammation" while the other underwent successful HSCT. Using whole exome sequencing, a homozygous missense mutation was identified in the WDR1 gene, in line with the increased level of polymerized F-actin in patient-cells. Both patients had high serum level of IL-18 which seems to play an important role in the pathogenesis of the autoinflammatory condition observed in Wdr1-deficient mice [14] .
Recently, Pfajfer et al. reported yet another set of symptoms as a consequence of mutations in the WDR1 gene [16] . By detailed assessment of the adaptive immune system in their cohort of 6 patients from 3 unrelated consanguineous families with biallelic WDR1 mutations, a broadly defective B cell compartment was demonstrated including profound B cell lymphopenia associated with low B cell precursors in the bone marrow. Circulating B cells were predominantly naïve and not isotype switched, and exhibited reduced clonal diversity. Serum immunoglobulin levels and specific antibody titers were within the normal range in most patients, although the majority were on IVIG replacement therapy. T cell deficiency, on the other hand, was mild and limited to reduced numbers of follicular T-helper cells and low TCR-mediated activation to anti-CD3. As had been reported previously [6, 15] , neutrophil abnormalities were consistent and included nuclear herniation, accumulation of cytoplasmatic F-actin, and impaired migration in response to fMLF [16] . However, in contrast to the original report of AIP1 deficiency [6] and the historic descriptions of LLS patients [1] [2] [3] [4] [5] , neutrophil counts in subsequently reported patients were persistently normal or elevated [15, 16] .
In conclusion, the entity aptly named lazy leukocyte syndrome based on abnormal in vivo and in vitro chemotaxis of phagocytes can now be added to a group of disorders caused by single gene defects resulting in impaired cytoskeletal dynamics, referred to as actinopathies (Table 1 ). Based on syndromic features other than infections, LLS can be clearly differentiated from other actinopathies such as the Wiskott-Aldrich syndrome (WAS), X-linked neutropenia (XLN) caused by gain of function (GOF) mutation in the cdc42 binding site of the WAS gene, WAS interacting protein (WIP) deficiency, DOCK8 deficiency, RASGRP1 deficiency, CORONIN-1A deficiency, DOCK2 deficiency, Rac2 deficiency, beta-Actin deficiency, and ARPC1B deficiency ( Table 1 ) (17) (18) (19) (20) . Actinopathies differ from leukocyte adhesion defects (LAD1, 2, 3) based on the characteristic LAD findings of neutrophilia and lack of pus formation. While it is unlikely that all cases resembling the definition of LLS have a mutation in WDR1, it is intriguing to speculate that Spike Table 1 Actinopathies associated with chemotaxis defects Characteristic findings (references) LLS [1] [2] [3] [4] [5] WDR1/Alp1 [6, 15, 16] WAS [9] XLN [9] WIP [9] DOCK8 [8, 9] RASGRP1 [18, 19] Chemotactic defect of phagocytes NAD 47/89 [17] Chemotactic Miller's 1971 LLS paper could be the first description of the recently designated actinopathies, demonstrating the power of sophisticated immunologic and genetic testing that deciphered the molecular underpinning of a syndrome with highly variable symptoms, caused by mutations in WDR1/AIP1. This hypothesis would explain the evolution of a clinical observation, made by an astute clinician half a century ago, to a continuously expanding phenotype characterized by defective leukocyte mobility, abnormal adaptive immunity, and symptoms of autoinflammation.
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